A highly efficient adsorbent containing a Cu-BTC/CuO/CFP composite with a microporous copper benzene-1,3,5-tricarboxylate/CuO coating on a macroporous carbon fiber paper was designed via atomic layer deposition with the synthesis time of 6 h. The existing moderate CuO in Cu-BTC/CuO/CFP forms micropores between CuO and Cu-BTC and CuO and CFP to promote selectivity of CH 4 /N 2 . The effects of synthesis time and CuO content on the selectivity of CH 4 /N 2 and effective thermal conductivity were experimentally investigated. The pressure drop and adsorption rate of the adsorption bed and temperature response of the desorption bed were numerically predicted. The selectivity of equimolar CH 4 /N 2 for Cu-BTC/CuO/CFP (0.30 : 0.13 : 0.57) (6 h) is 2.15-2.65 times higher than that of pure Cu-BTC. The Cu-BTC/ CuO/CFP material has higher effective thermal conductivity, lower pressure drop, higher adsorption rate, and better temperature uniformity compared to pure Cu-BTC powder in the adsorption bed.
Introduction
Methane (CH 4 ), which is the main component of shale gas, is an advantageous alternative to petroleum as a transportation fuel because of its increasing supply and potentially lower emission of greenhouse gases.
1 However, two major challenges are encountered in methane application. The density of CH 4 is relatively low under ambient conditions; thus, CH 4 requires densication in a storage tank. An adsorbent is usually placed in a tank to absorb CH 4 to enhance storage at low pressure. In addition, CH 4 is difficult to separate from mixture gases, such as CH 4 /N 2 and CH 4 /CO 2 , because of the impurities (N 2 and CO 2 ) present during the production of shale gas.
2 Metal-organic frameworks (MOFs) are promising materials to overcome these two challenges related with CH 4 storage 3 and separation. 4 The well-known benets of MOFs include adjustable chemical functionality, large surface area, ne-tunable pore structure, high selectivity, and high controllability.
Cu-BTC, as a typical MOF, is a promising candidate for CH 4 storage or gas separation. 5 Hulvey et al. 6 elucidated the mechanistic explanation for the high-uptake CH 4 adsorption capacity in Cu-BTC. The CH 4 uptake capacity is related to a small octahedral cage in its structure and is insensitive to primary adsorption sites. Hamon et al. 7 calculated the separation of CO 2 /CH 4 and found that Cu-BTC shows a CO 2 /CH 4 selectivity of $8. To further improve the gas adsorption capacity and selectivity of the Cu-BTC metal-organic framework, various modi-cations have been applied. Liu et al. 8 added 9% graphite oxide (GO) to Cu-BTC powder and found that Cu-BTC/GO exhibits about a 30% increase in CO 2 storage capacity. The enhancement in CO 2 storage capacity is due to the nanosized and welldispersed Cu-BTC crystallites on the layers of GO. Policicchio et al. 9 investigated the adsorption capacity of Cu-BTC/aminated GO composites within the pressure range from 0 kPa to 15 000 kPa at ambient temperature. The modied GO with the highest nitrogen content exhibits 13.41 mmol g À1 CO 2 adsorption at 298.15 K and 15 000 kPa. Petit et al. 10 tested the ammonia adsorption of Cu-based MOF/GO composites at room temperature under both dry and moist conditions and they found that the ammonia adsorption capacities on the composites were higher than those of the physically mixed components. They considered that the increased porosity and dispersive forces of graphene layers are responsible for the enhanced ammonia adsorption. Xu et al. 11 adopted an ultrafast synthetic method to prepare GO/Cu-BTC composites. They found that the CO 2 /N 2 adsorption selectivity in 2GO/Cu-BTC is 1.8 times higher compared to that in the parent Cu-BTC. Wang et al. 12 reported a multi-scale porous composite adsorbent with a Cu-BTC coating on copper foam (Cu-BTC/CF) and found that the selectivity of CH 4 /N 2 in 80 pores per linear inch Cu-BTC/CF is 1.41-2.95 times higher than that in pure Cu-BTC due to restriction in the growth of the Cu-BTC crystal.
Although pure MOFs have shown compelling potential usages, their thermal transport properties impede their actual application because of low thermal conductivity. For example, the effective thermal conductivity of MOF-5 powder is just 0.091 W (m À1 K À1 ) 13 because of its high porosity (above 0.8) and high free volume. The low effective thermal conductivity of MOFs induces the adsorption heat to slowly transmit out of the adsorption bed. Wang et al.
14 found that the amount of CO 2 adsorption in the Cu-BTC powder decreases by 81.31% at 378.15 K compared to that at 298.15 K and 100 kPa. Mixing of highly heat-conductive materials into MOFs was carried out to achieve high effective thermal conductivity of MOF composite materials in the storage tank. For example, the effective thermal conductivity of MOF-5/natural graphite is nearly 6.5 times higher compared to that of pure Cu-BTC powder. 15 Carbon ber paper (CFP) can be employed as a composite matrix to augment the thermal conductivity of the adsorption material and relieve the extreme temperature non-uniformity of pure MOFs. However, recently, the related CFP composite is majorly used in electrode materials for gas diffusion. 16 Zhang et al. 17 studied the effect of directly dispersing GO sheets onto the surface of individual carbon bers on the interfacial properties of carbon ber/epoxy composites. The results showed that the interfacial and tensile properties in the GO-modied carbon ber composites are improved.
A highly efficient adsorbent should also possess a low pressure drop, high adsorption rate in the adsorption process, and long-term stability and regenerability during regeneration in the desorption process. Silva et al. 18 reported H 2 purication from mixtures that contain CO 2 , CH 4 , and N 2 with Cu-BTC particles as the adsorbent and found that the pressure drop can reach up to 250 kPa. Moreover, a high temperature (above 373.15 K) in the adsorption bed under vacuum conditions (10 À5 kPa) or inert gas purge is required for the desorption process. The minimum temperature difference between the heating surface and outside boundary and heating time duration are the two key factors in gauging regenerability. Liu et al. 19 found that the remaining 6% residual CO 2 in the Ni/DOBDC adsorption bed should be removed at 523.15 K with a helium purge. Wurzbacher et al. 20 removed the adsorbed CO 2 in an aminefunctionalized nanobrillated cellulose sorbent material within the temperature range of 293.15-368.15 K and under vacuum at 6.2 kPa. The group found that more than 90% of the captured CO 2 can be recovered under the abovementioned conditions.
As abovementioned, it is practical to form a high heat thermal-conductive adsorbent to replace pure MOFs. High selectivity, low pressure drop, high adsorption rate, long-term stability, and easy regenerability are all the key elements for an efficient adsorbent design. However, few studies have been found to involve all the abovementioned elements. To the best of our knowledge, MOF adsorbents supported on CFP skeletons have not been investigated, especially for binary mixtures formed on CFP. In the present study, the MOF adsorbent was coated on the skeletons of CFP to form a multi-level porous adsorbent structure to improve gas selectivity and effective thermal conductivity in the adsorption bed. Cu-BTC/CuO/CFP and Cu-BTC/CFP were synthesized by controlling the synthesis time to further investigate the effects of CuO on gas adsorption and separation. The adsorption capacity (N 2 and CH 4 ) and selectivity of CH 4 /N 2 in Cu-BTC/CFP at different synthesis times and in different component fractions of Cu-BTC/CuO/CFP were experimentally investigated. The effective thermal conductivities of different component fractions of Cu-BTC/CuO/CFP were also experimentally studied. Moreover, the pressure drop, adsorption rate, and temperature response of the adsorption bed were simulated. Fig. 1 shows the synthetic route for the Cu-BTC/CuO composite in CFP. Prior to the synthetic process, several basic materials were prepared. CFP with a 0.019 cm thickness was obtained from Japan Toray (TGP-060). Inside the CFP, the carbon bers and carbon sheets were interwoven. Trimesic acid (1,3,5-benzenetricarboxylic acid, H 3 BTC), copper acetate (Cu(OAc) 2 ), and copper nitrate (Cu(NO 3 ) 2 ) were obtained from Sigma-Aldrich. Hydrogen dioxide (H 2 O 2 , 30%) was obtained from Sinopharm Chemical Reagent. All the reagents were of analytical reagent grade.
Material preparation and characterization
The synthesis of Cu-BTC/CuO/CFP is based on atomic layer deposition (ALD). Two major stages of pretreatment and synthesis were used in the process of synthesizing Cu-BTC/CuO/ CFP. In the pretreatment stage, a sheet of CFP (2.5 cm Â 3.0 cm) was dipped in a 25 mL of hydrogen dioxide (H 2 O 2 , 30%) and ultrasonicated for 2 h every 10 h six times at 50 C. Then, the CFP was removed and thoroughly washed with deionized water. ethanolic solution were mixed and stirred for 30 min. Then, the mixed solution was transferred to a 100 mL autoclave. The seeded CFP was vertically inserted into the autoclave, and then the autoclave was capped and heated at 368.15 K for different times (3, 6, 9, 18 , and 24 h). The appearance of Cu-BTC or Cu-BTC/CuO seeds is dependent on the crystal growth time (3, 6, 9, 18 , and 24 h) because of the existence of a competitive relationship between Cu-BTC and the CuO coating on CFP. Small Cu-BTC crystals appeared in CFP at the synthesis time of 3 h. The acid-base reaction is as follows:
When the synthesis time increased from 3 to 6 h, the Cu-BTC crystals were gradually enlarged, as shown in Fig. S1 (a) † and 2(a), because the solution at this stage could provide enough copper ions to form large Cu-BTC crystals and Cu(OH) 2 starts to appear in CFP. Although the existence of Cu(OH) 2 cannot be directly observed via scanning electron microscopy (SEM), it can be indirectly inferred from the existing CuO because Cu(OH) 2 can be easily changed into CuO when the sample is dried in an oven (323.15 K) for the property test. The existing CuO was validated via transmission electron microscopy (TEM). Moreover, Cu(OH) 2 that appears in the synthesis of Cu-BTC has also been demonstrated by Majano et al. 21 and Jaggi et al. 22 The solution can offer enough Cu 2+ to react as follows:
When the synthesis time increased from 6 to 9 h, the average size of the Cu-BTC crystals decreased, as shown in Fig. S1 (b). † The reason is that copper ions in the uid were exhausted, such that copper ions in Cu(OH) 2 and parts of small Cu-BTC crystals started to dissolve to provide copper ions for the formation of new Cu-BTC crystals. This process is expressed as a simple acidbase reaction:
This conversion strongly occurs inside the Cu(OH) 2 aggregates and is accompanied by recrystallization. Cu(OH) 2 consists of chains of distorted octahedra organized as corrugated layers. The Cu-Cu distance between two layer ranges from 0.295-0.344 nm, which is tted for the diffusion of the linker molecule to form Cu-BTC, as described by Jaggi et al. 22 When the synthesis time was increased to 18 h, the average size of the Cu-BTC crystals gradually increased, as shown in Fig. S1 (c). † This illustrates that the newly formed Cu-BTC crystals with a bigger size, especially in the carbon bers, develop and parts of the small Cu-BTC crystals completely dissolve. When the synthesis time was 24 h, the average size of the Cu-BTC crystals continuously increased, and the size of the Cu-BTC crystals also became homogeneous, as shown in Fig. S1 (d), † because the newly formed Cu-BTC crystals with a bigger size replace the dissolved small sized Cu-BTC crystals. Aer the reaction, the composite was taken out and was successively rinsed three times with dimethylformamide and deionized water. Finally, the sample was dried in an oven (323.15 K) and stored for testing. The nal adsorption capacity is strongly related to synthesis time.
The microtopography of the sample was visualized using SEM (HITACHI S-4800, Japan). The sample was coated with a thin layer of gold to avoid charging prior to scanning, and scanning was conducted to demonstrate microtopography at the typical synthesis times of 3, 9, 18, and 24 h. Scanning was further performed via TEM. TEM images were obtained using a JEM-2000EX transmission electron microscope to demonstrate the components of the composite. The images obtained via SEM and TEM at the typical synthesis time of 6 h are shown in Fig. 2 . The CuO and Cu-BTC structures can also be identied in the TEM image shown in Fig. 2 (b). The measured interplanar distance is d 111 ¼ 0.232 nm, which is consistent with the interplanar distance for CuO. 23 The measured interplanar distance is d 111 ¼ 0.263 nm, which is consistent with the interplanar distance for Cu-BTC. 24 Thus, these results prove that the Cu-BTC/CuO/CFP composite is obtained at the synthesis time of 6 h. The Cu-BTC crystals, as shown in Fig. 2(b) , are heterogeneously distributed in the carbon sheet and glittery carbon ber; thus, it seems that the Cu-BTC crystals stack in the carbon sheet and glittery carbon ber. To clearly display the Cu-BTC and CuO coating on the carbon sheet and glittery carbon ber, the SEM image during the process of growing seeds is shown in Fig. S2 (a) † and an SEM image of the CuO coating on CFP is shown in Fig. S2(b) . † As shown in Fig. S2 (a) and (b), † both the Cu-BTC crystals and CuO directly coat CFP. Carboxyl and hydroxyl groups can exist in CFP aer CFP is modied by hydrogen peroxide (H 2 O 2 , 30%). Thus, Cu-BTC and CuO can embed in the carbon sheet and glittery carbon bers. This is similar to the Cu-BTC crystals coating in aminated GO through the carboxyl and hydroxy groups. 25 The SEM results of the composite at other synthesis times of 3, 9, 18, and 24 h are provided in Fig. S1 in the (ESI †). Only Cu-BTC was found to exist in CFP at these times.
The CuO component fraction in Cu-BTC/CuO/CFP (6 h) can be further controlled by adjusting the amount of H 3 BTC. The corresponding components of Cu-BTC/CuO/CFP (6 h) can be calculated via the BET method, as suggested by Chen et al.
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Three typical component fractions of (0.30 : 0.13 : 0.57) (0.28 : 0.11 : 0.61) and (0.09 : 0.21 : 0.70) were obtained. Note that the fraction of (0.30 : 0.13 : 0.57) in Cu-BTC/CuO/CFP (6 h) was regarded as the reference fraction.
To obtain the Brunauer-Emmett-Teller (BET) values of the Cu-BTC/CFP composite at different synthesis times (3, 9, 18 , and 24 h) and Cu-BTC/CuO/CFP (6 h) with three fractions: Cu-BTC, CuO, and CFP, N 2 adsorption-desorption isotherms at 77 K were obtained and are provided in Fig. S3 and S4 , † respectively. The BET values of CFP, CuO, Cu-BTC, Cu-BTC/CFP (3, 9, 18, and 24 h), and Cu-BTC/CuO/CFP (6 h) with three fractions are shown in Table 1 . The pore structure parameters of CFP, CuO, Cu-BTC, Cu-BTC/CFP (3, 9, 18, and 24 h), and Cu-BTC/CuO/CFP (6 h) with three fractions are shown in Table 2 . As shown in Tables 1 and 2 , the BET and pore volume of Cu-BTC is the highest among all the materials.
The effective thermal conductivity of the samples was measured using the 3 À u method based on a transient hot wire method (TC3000E, Xi'an Xiaxi), which is mainly used for testing lms. The accuracy of this instrument is 2% at room temperature and standard pressure (298.15 K and 101.1 kPa). 27 The porosity, heat capacity, and density of pure Cu-BTC and the Cu-BTC/CuO/CFP (0.30 : 0.13 : 0.57) (6 h) composite are summarized in Table 3 . The abovementioned properties for pure Cu-BTC are based on the study reported by Plaza et al., 28 and the values for Cu-BTC/CuO/CFP (0.30 : 0.13 : 0.57) (6 h) were mainly obtained from the present experiment. Solid heat capacity was tested by a Calvet calorimeter (C80, France) and the porosity of Cu-BTC/CuO/CFP (0.30 : 0.13 : 0.57) (6 h) was tested by mercury porosimetry. The permeability of Cu-BTC and Cu-BTC/CuO/CFP (6 h) was tested by a permeability detector (Miner Searle Bate, Beijing). Gas was fed through pure Cu-BTC and Cu-BTC/CuO/ CFP at a xed ow rate and the resultant pressure drop was measured. The permeability (K) was obtained by combining the modied Darcy's law with the tested pressure drop. 29 Evidently, the porosity of Cu-BTC/CuO/CFP (0.30 : 0.13 : 0.57) (6 h) is 0.78, which is higher than that of pure Cu-BTC powder.
Model of pressure drop and adsorption rate and regenerability
The pressure drop and adsorption rate in the process of adsorption are the two keys to judge the efficiency of the adsorption bed. As shown in Fig. 3(a) , a typical adsorption bed lled with pure Cu-BTC particles or Cu-BTC/CuO/CFP (0.30 : 0.13 : 0.57) (6 h) was used to predict the pressure drop and adsorption rate. The length of the reduced model is 0.1 m (X ¼ R ¼ 0.1 m) at both the axial and radial distances. The bed adsorption column can be reduced as a two-dimensional model, as shown in Fig. 3(b) . The adsorption bed is uniformly packed, and the macro scale mass conservation equation can be expressed as follows:
where 3 is the porosity of the adsorption bed, r g is the density of adsorbate, u x and v r are the velocities of the x and r axis, respectively, r s is the density of the adsorbent, and N is the amount of adsorption at t time. The linear driving force (LDF) was used to describe the adsorption rate as follows:
Where N N is the saturation amount of adsorption, and k m is the internal mass transfer coefficient. The Darcy-Brinkman formulation that considers the viscous effects was used:
x-Momentum equation:
r-Momentum equation:
where p is the pressure, m g is the gas velocity, and K is the permeability. The values of the abovementioned parameters are shown in Table 3 . Initial condition: 
The governing equations were discretized using the IDEAL algorithm 30 with a staggered grid system of 100 Â 100. The iteration at the present time layer was considered convergent if the maximum relative residuals of the mass and momentum equations were less than 10
À7
. Desorption is usually required for the regeneration of the adsorption bed. Desorption conditions include the lowest temperature in the adsorption bed of over 373.15 K under vacuum (low 1.0 Â 10 À5 kPa). Fig. 3(c) shows a typical bed adsorption column containing the adsorbent [Cu-BTC or Cu-BTC/CuO/CFP (0.30 : 0.13 : 0.57) (6 h)] and a cylindrical heating rod. The cylindrical heating rod in the center of the adsorption bed supplies a constant heat ux during desorption. The length of the reduced model is 0.1 m (X ¼ R ¼ 0.1 m) at both the axial and radial distances. The bed adsorption column can be reduced as a two-dimensional model, as shown in Fig. 3(d) . The governing equations are as follows: where q, r s , C p , T s , x, r, and t are the heat ux, solid density, heat capacity, solid temperature (K), axial and radial distances, and time, respectively. The corresponding values are also shown in Table 3 . q is the amount of adsorption that can be ignored under vacuum conditions (low 1.0 Â 10 À5 kPa) for low 0.1% residual adsorbed gas under vacuum. DH is the isosteric heat of adsorption (kJ mol À1 ) and k eff is the effective thermal conductivity of the adsorption bed. Without considering the gaseous phase under vacuum, the effective thermal conductivity of the adsorption bed can be reduced as follows:
The governing equations were discretized using a nite volume method with a staggered grid system of 100 Â 100. 6 h) and Cu-BTC/CFP at different synthesis times (3, 9, 18 , and 24 h) are different compared to those of pure Cu-BTC, the selectivity of CH 4 /N 2 in these composites will be also different from that in pure Cu-BTC.
Results and discussion

General adsorption and separation characteristics
The selectivity of CH 4 /N 2 in the Cu-BTC/CFP composite at different synthesis times (3, 9, 18, 6 and 24 h), Cu-BTC, and CFP was investigated by the ideal adsorption solution theory (IAST). 31 The IAST method has been successfully demonstrated in the selectivity of CO 2 /CH 4 in GrO/Cu-BTC. 32 The mixture adsorption equilibrium in the IAST model is predicted on the basis of a single-component adsorption isotherm. To start with the IAST method, the single gas component adsorption isotherm should be obtained rst. The veracity of the tted single component adsorption isotherm model is key for the IAST model. There are some simple adsorption isotherm and the Toth equation 35 that are used to t the experimental data. However, these models poorly t in the low-pressure region because they do not consider metal sites. 36 The dualsite Langmuir-Freundlich (DSLF) model overcomes the abovementioned shortcoming because the DSLF model assumes two adsorption sites of the open metal site and pore adsorption site. The DSLF model is particularly suitable for Cu-BTC, which has an obvious open metal site. The DSLF model has been widely used for CO 2 adsorption in GrO/Cu-BTC, 11 CH 4 adsorption in GrO/Cu-BTC, 32 and CO 2 adsorption in Cu-BTC/CF. 12 Therefore, the DSLF model was adopted and correlation coefficients of up to 0.999 were obtained, as shown in Table S1 in the ESI, † indicating that the DSLF model was accurately applied to t the experimental isotherm. The t parameters and the corresponding condence intervals for the DSLF model are also presented in Table S1 . †
The selectivity of CH 4 /N 2 is dependent on the components of the composite that are affected by the synthesis time. Fig. 5(a) shows the selectivity of equimolar CH 4 /N 2 at different synthesis times (3, 6, 9, 18, 6 and 24 h) within the pressure range of 0-100 kPa and 273.15 K. The selectivity of pure Cu-BTC and CFP is chosen for basic comparison. The selectivity of equimolar CH 4 / N 2 in CFP retains a nearly constant value of 0.7 with an increase in pressure. The selectivity of equimolar CH 4 /N 2 in pure Cu-BTC and Cu-BTC/CFP (3, 9, 18, and 24 h) gradually decreased with an increase in pressure. The selectivity of equimolar CH 4 /N 2 in Cu-BTC/CuO/CFP (0.30 : 0.13 : 0.57) (6 h) slowly decreased within the pressure range from 0 kPa to 50 kPa. This decrease trend is attributed to the fact that the micropores are blocked with CH 4 and N 2 molecules, as indicated by Li et al. 37 and Kim et al.
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However, the selectivity gradually increased when the pressure continued to increase from 50 kPa to 100 kPa. This increase trend results from the fact that the CH 4 molecules go through the stoppage micropores because of the existing exibility in the Cu-BTC crystal, as described by Zhao et al. 39 and Nazarian et al.
40
This phenomenon is similar to the process of CO 2 adsorption in MIL-53(Gr).
41
The selectivity of equimolar CH 4 /N 2 in Cu-BTC/CFP (9, 18, and 24 h) is higher than that of pure Cu-BTC powder. These ndings are attributed to two aspects, as shown in Fig. 5(b) . First, certain smaller incomplete micropores (A) between the Cu-BTC crystals were formed because the growth of the Cu-BTC crystal was restrained by CFP during the synthesis. Second, micropores (B) were formed between Cu-BTC and CFP, as demonstrated in Table 2 . The newly formed micropores and incomplete micropores adsorb CH 4 more easily compared to N 2 , as described by Zhou et al. 42 and Policicchio et al., 9 because the Cu-BTC crystals have COOH-terminated and OH-terminated surfaces. 43, 44 Note that the selectivity of equimolar CH 4 /N 2 in Cu-BTC/CFP (3 h) is even lower than that of pure Cu-BTC because the amount of Cu-BTC loading in CFP is small (6.14%).
At the same pressure, the selectivity of equimolar CH 4 /N 2 decreases in the order of Cu-BTC/CuO/CFP (6 h), Cu-BTC/CFP (18 h), Cu-BTC/CFP (9 h), Cu-BTC/CFP (24 h), pure Cu-BTC, and Cu-BTC/CFP (3 h); for example, for Cu-BTC/CuO/CFP (0.30 : 0.13 : 0.57) (6 h), it is 7.37-8.81, which is 2.15-2.65 times higher than that of pure Cu-BTC powder. For Cu-BTC/ CuO/CFP (0.30 : 0.13 : 0.57) (6 h), selectivity is even higher than that in many other reported MOFs at 100 kPa, [45] [46] [47] [48] [49] as shown in Table 4 . The superior selectivity of Cu-BTC/CuO/CFP (0.30 : 0.13 : 0.57) (6 h) is attributed to the existence of CuO in Cu-BTC/CFP, as shown in Fig. 2 . The superiority of Cu-BTC/ CuO/CFP (0.30 : 0.13 : 0.57) (6 h) over pure Cu-BTC is ascribed to two reasons, as shown in Fig. 5(c) . First, CuO provides new small specic micropores between Cu-BTC and CuO (B) and CuO and CFP (C), except for the formed micropores between Cu-BTC and CFP (D), to easily adsorb CH 4 , as demonstrated in Table 2 . Second, certain smaller incomplete micropores (A) in the Cu-BTC crystals are also formed and result in synergistic features that are benecial for CH 4 adsorption. 
The pressure drop and adsorption rate in the adsorption bed
The pressure drop is the key factor to determine energy consumption. Fig. 8(a) shows the comparison result for the pressure drop in the studied adsorption bed lled with Cu-BTC/ CuO/CFP (0.30 : 0.13 : 0.57) (6 h) and pure Cu-BTC particles. The operating velocity was the range from 0 to 0.2 m s
À1
. The pressure drop of the adsorption bed increased with increased velocity for the two lled materials. The pressure drop of Cu-BTC/CuO/ CFP (0.30 : 0.13 : 0.57) (6 h) is 39.78-42.87% lower than that of the Cu-BTC particles. This phenomenon is caused by the higher porosity of Cu-BTC/CuO/CFP (0.78 in Table 2 ) compared to that of Cu-BTC particles (0.41 in Table 3 ). The adsorption rate is also a factor to determine the time approaching saturated adsorption. Fig. 8(b) Temperature uniformity and heat-up time, which can be signicantly inuenced by the effective thermal conductivity, are important index properties in the process of desorption. Fig. 10(a) The temperature uniformity also improved due to the enhanced thermal conductivity. The difference in the average surface temperature between the heating surface and outside boundary was less than 0.9 K. (6 h ) is still 17.64 times higher than that of pure Cu-BTC powder. Thus, the temperature uniformity of the adsorption bed (150 s) is signicantly improved and the desorption condition is conveniently satised compared with those of pure Cu-BTC.
Conclusion
